Abstract Isolated oceanic islands constitute interesting model systems for the study of colonization processes, as several climatic and oceanographic phenomena have played an important role in the history of the marine ichthyofauna. The present study describes the presence of two morphotypes of Caranx lugubris, in the St. Peter and St. Paul Archipelago located in the mid-Atlantic. Morphotypes were compared in regard to their morphological and cytogenetic patterns, using C-banding, Ag-NORs, staining with CMA 3 / DAPI fluorochromes and chromosome mapping by dualcolor FISH analysis with 5S rDNA and 18S rDNA probes. We found differences in chromosome patterns and marked divergence in body patterns which suggest that different populations of the Atlantic or other provinces can be found in the Archipelago of St. Peter and St. Paul.
Introduction
Ichthyofauna on the St. Peter and St. Paul Archipelago (SPSPA) is of great biological interest, due to its degree of geographic isolation. The region is a remote point, far from the South American (&1,100 km) and African (&1,824 km) continents, with a high level of endemic fish species (Edwards and Lubbock 1983) . This small archipelago is made up of four larger islands (Belmonte, St. Paul, St. Peter and Barão de Teffé), in addition to 11 smaller rocky points. The combined action of the South Equatorial Current and Pacific Equatorial Undercurrent provides a highly complex hydrological pattern that significantly influences the insular ecosystem (Becker 2001 ). These components ultimately determine a common ichthyofauna between Brazil, Africa and the Caribbean as a result of larval dispersion, colonization and settlement (Feitoza et al. 2003) . In fact, fish fauna from SPSPA represents a small set of ichthyofauna from Brazil, with some contribution from Ascension Island (&1,940 km) and East Africa (Edwards and Lubbock 1983) .
Physical factors such as ocean currents, temperature and salinity contribute to the definition of biogeographic and ecological limits through training, maintenance and distribution of the fauna in particular (Molina 2007) . In many cases, environmental changes may cause the capacity of a single species to generate a phenotypic response immediately play a key role in promoting different phenotypes (polyphenism) within populations and subsequently conducting genetic disruption between them (Pfennig et al. 2010) . However, the vast aquatic systems complicate the estimation of biological parameters and the absence of obvious barriers seems to indicate marine ecosystems resilient to facilitate gene flow between extensive marine populations, which can result in darkening of the influence of historical factors of species and their non-detection shallow levels of divergence (Palumbi and Metz 1991) . It is almost a rule that species have wide distribution morphological and/or behavioral problems as a first step in the process of speciation (Molina 2007; Rocha et al. 2005) .
In recent decades, several ichthyofaunal surveys have been conducted on SPSPA (e.g., Edwards 1981, Feitoza et al. 2003; Vaske et al. 2005) . Among species considered pelagic, Caranx lugubris (Perciformes: Carangidae; Poey 1860), the black trevally, which exhibits circumtropical distribution, is one of the most abundant species and typically forms large schools (Feitoza et al. 2003) . The C. lugubris in this ocean region is considered unique and taxonomically cohesive. To date, there are no known descriptions of inter-or intrapopulational variations in body pattern for this species in the Atlantic. However, oral accounts from artisan fishermen working in this region suggest two different morphotypes coexisting in the waters of the St. Peter and St. Paul Archipelago.
The present study identifies and characterizes two morphotypes of the black trevally collected in sympatry during expeditions on SPSPA in August and October 2009. Cytogenetic aspects were analyzed by conventional Giemsa staining, identification of Ag-NORs sites, C-banding, staining with CMA 3 /DAPI fluorochromes and chromosome mapping using dual-color FISH with 18S and 5S rDNA probes. In addition, morphotypes were also compared with regard to body proportions through geometric morphometrics. The presence of two black trevally morphotypes in the mid-Atlantic represents a peculiar and previously unidentified condition, with important ecological, genetic and biogeographical implications.
Materials and methods
Caranx lugubris specimens were collected from areas surrounding the SPSPA islands (00°55 0 02 00 N; 29°20 0 42 00 W) (Fig. 1 ). There were notable differences among individuals with regard to body shape, primarily in relation to eye size and body height. Given the apparently distinct morphological patterns, specimens were denominated morphotype I and II and were henceforth analyzed separately. The sex of all individuals was defined based on macroscopic gonadal examination.
Morphometric and meristic analyses
Geometric morphometrics was applied to analyze the body patterns of 65 C. lugubris specimens (Fig. 2 ) from SPSPA, with sizes varying between 25.5 and 44.0 cm. Individuals were preliminarily classified as morphotype I (N = 37) and morphotype II (N = 28) through visual examination.
Specimens were photographed individually from a right lateral view with an 8.1 megapixel Sony DSC-H10 digital camera. Twelve landmarks were defined for comparative analysis of morphotypes (Fig. 2a ) using tpsDig2 software, version 1.40 (Rohlf 2004) . Landmarks were selected so as to provide adequate coverage of the body's lateral profile. Body landmarks were superimposed based on generalized (Rohlf and Slice 1990; Dryden and Mardia 1998) .
Discriminant function analysis was applied to identify possible effects of sexual dimorphism in each of the morphotypes and between them, providing information on the extent of morphological divergence. Hotelling's T 2 distribution and permutation testing (1,000 times) were used to evaluate the significance of intergroup differences. Since the quality of discriminant analysis can be influenced by sample size, cross-validation was performed where each individual is sequentially removed from a group and classified according to the discriminant function derived from the remaining data.
Morphological differences between morphotypes I and II were observed by thin-plate spline with wireframe plots. In order to assess the degree of similarity between C. lugubris morphotypes and some other species of the genus, such as Caranx and Carangoides, body comparisons were developed using geometric morphometrics for C. latus (N = 14), C. hippos (N = 7), C. lugubris (N = 21), Carangoides crysos (N = 8) and Carangoides bartholomaei (N = 6), based on canonical variate analysis. Data were grouped according to Mahalanobis distances in the form of a dendrogram, using the UPGMA cluster analysis. All analyses were conducted with MorphoJ 1.02 software (Klingenberg 2008) . Meristic values of serial elements dorsal and anal fins were obtained from a sample of individuals each C. lugubris morphotype. Meristic data for comparison with other Carangidae (Table 1) were based on Honebrink (2000) and Smith-Vaniz and Carpenter (2007) .
Cytogenetic analysis
Cytogenetic comparison of C. lugubris morphotypes from SPSPA was conducted on a sample of 17 individuals, eight from morphotype I and nine belonging to morphotype II.
Prior to chromosomal preparations, specimens were submitted to in vivo mitotic stimulation for 24 h by intramuscular and intraperitoneal inoculation of bacterial and fungal antigens (Molina 2001; Molina et al. 2010 ), then anesthetized with clove oil (Eugenol) and sacrificed to remove kidney tissue. Mitotic chromosomes were obtained from cell suspensions of anterior kidney fragments through short duration in vivo methodology (Gold et al. 1990 ). Cell suspensions were dripped onto slides and recoated with a film of distilled water heated to 60°C. Chromosomal preparations were stained with 5 % Giemsa diluted in a phosphate buffer pH 6.8. Approximately, 30 metaphases were analyzed for each individual to define the chromosome number. Metaphases were photographed on an Olympus BX50 epifluorescent microscope, with an Olympus DP70 digital image capturing system.
Chromosome banding
Heterochromatic regions and ribosomal sites were identified by the Sumner (1972) and Howell and Black (1980) techniques, respectively. CMA 3 /DAPI staining was applied in accordance with Barros-e-Silva and Guerra (2009).
Probes for chromosome hybridization
Two tandem-arrayed DNA sequences isolated from the Hoplias malabaricus (Teleostei, Characiformes) genome were used. The first probe contained a 5S rDNA repeat copy and included 120 base pairs (bp) of the 5S rRNA encoding gene and 200 bp of the non-transcribed spacer (NTS) (Martins et al. 2006) . The second probe corresponded to a 1,400-bp segment of the 18S rRNA gene obtained via PCR from nuclear DNA (Cioffi et al. 2009 ). The 18S rDNA probe was labeled by nick translation with DIG-11-dUTP, according to manufacturer specifications (Roche). The 5S rDNA probe was labeled with biotin-14-dATP by nick translation, as per manufacturer specifications (Bionick Labelling System, Invitrogen).
Chromosome hybridization and analysis Fluorescent in situ hybridization (FISH) was performed on mitotic chromosome spreads (Pinkel et al. 1986 ). Metaphase chromosome slides were incubated with RNAse (40 lg/ml) for 1.5 h at 37°C. The chromosomal DNA was denatured in 70 % formamide/0.69 SSC for 3 min at 72°C. After denaturation of chromosomal DNA in 70 % formamide, spreads were incubated in 29 SSC for 4 min at 70°C. Hybridization mixtures containing 100 ng of denatured probe, 10 mg/ml dextran sulfate, 29 SSC and 50 % formamide/19 SSC in a final volume of 30 ll were dripped onto the slides, and hybridization was performed overnight at 37°C in a 29 SSC moist chamber. Posthybridization washes were carried out at 37°C in 29 SSC, 50 % formamide for 15 min, followed by a second wash in 29 SSC for 15 min and a final wash at room temperature in 49 SSC for 15 min. Signal detection was performed using avidin-FITC (Sigma) for the 5S rDNA probe and antidigoxigenin-rhodamine (Roche) for 18S. Two-color 5S and 18S rDNA were detected by dual-color FISH, posthybridization washes were performed on a shaker (150 rpm) and the chromosomes were then counterstained with a mixture of DAPI (1.2 lg/ml) and antifading Vectashield mounting medium solution (Vector Laboratories). FISH images were captured with an epifluorescence microscope (Olympus BX50) equipped with CoolSNAP system software, Image Pro Plus, (Media Cybernetics).
Results

Morphological characteristics
Discriminant analysis identified the absence of sexual dimorphism in each morphotype (T 2 = 32.3; p = 0.9), which could be due to morphological heterogeneity. However, individuals assigned as morphotypes I and II showed significant differences (T 2 = 340, p \ 0.001), with 100 % of specimens correctly classified. In fact, the most apparent differences between morphotypes, observed via the deformation grid (Fig. 2b) , are primarily related to eye diameter and body height.
Reliability of specimen allocation into their respective groups was determined by cross-validation. This analysis was performed on 65 individuals, with 34 of 37 assigned to morphotype I and 26 of 28 classified as morphotype II.
The dendrogram based on morphological patterns of C. lugubris and other species of Caranx and Carangoides, compiled from Mahalanobis distances using the UPGMA technique, showed that both morphotypes exhibited greater similarities between one another than in relation to other species analyzed (Fig. 3) . Morphologically, the genera Caranx and Carangoides are perfectly discriminated into two clusters. One is composed of C. lugubris, C. latus and C. hippos, displaying greater body height, while the other, consisting of Carangoides, C. crysos and C. bartholomaei, have more elongated bodies.
Cytogenetic patterns
Morphotypes I and II displayed 2n = 48 chromosomes and karyotype composed of 6sm ? 42a (FN = 54) (Fig. 4) . Ag-NORs sites are located on the terminal portion of the short arm of chromosome pair 1. This region was heterochromatic and GC rich. C-banding also identified notable constitutive heterochromatin (CH) blocks in centromeric and telomeric regions of chromosomal pairs, with CH-rich pattern equilocal to NORs, CMA 3 /DAPI sequential staining also found visible CMA 3 ? markings in all the heterochromatic, centromeric and telomeric regions among karyotypes. Dual-color FISH with 18S and 5S rDNA probes demonstrated a non-syntenic condition for these ribosomal subunits. The 18S rDNA sites coincide with Ag-NOR markings, showing no variation in frequency or position between karyotypes of morphotypes I and II. These sites corroborate Ag-NOR signals located exclusively on the short arm of submetracentric chromosome pair 1. On the other hand, 5S rDNA sites are different with regard to frequency between the two morphotypes. Whereas in morphotype I, these sites are situated in the terminal position of the long arm on acrocentric chromosome pair 9, in morphotype II specimens, in addition to this region, they are also located on the short arm of chromosome pair 15 (Fig. 4) . Morphological attributes in groups with wide geographic distribution usually vary according to the degree of population isolation or adaptive patterns associated with different habitats (Wainwright and Reilly 1994; Motta et al. 1995) . The higher body and smaller eyes exhibited by morphotype I, as well as the less deep body and larger eyes apparent in morphotype II, may indicate differential adaptive characteristics. These may be related to swimming, predation or defense mechanisms, among other ecological aspects, thereby linked to the division of spatial resources (Motta 1988; Gibran 2007; 2010) .
In addition to the C. lugubris morphotypes, the waters of SPSPA are home to other species of Carangid including C. latus, Carangoides bartholomaei, C. crysos and Elegatis bipinnulata (Feitoza et al. 2003) . The genus Caranx is composed of generalist predators of fish and small crustaceans (Sazima 1986; Silvano 2001) . Behavioral studies conducted on Caranx and Carangoides species indicate prey are captured both in the water column and rocky substrate, showing potential for a wide range of prey types (Barroso 1965; Potts 1980; Sancho 2000; Silvano 2001) . Such behavioral and feeding flexibility is particularly appropriate for species inhabiting densely populated areas such as SPSPA (Feitoza et al. 2003) , since they may undergo niche displacement. In these regions, adaptation to rapid fluctuations in the availability of resources may cause severe population restrictions, primarily among predators with less variable diets or those incapable of changing their feeding habits over time (Edgar and Shaw 1995) .
Despite the limitations of using only morphological data in phylogenetic inferences, the set of body data and meristic characteristics of the morphotypes regarding sympatric species of Carangidae are informative. Morphological similarities were established between species of the same genus, discarding the action of ecological convergences that may mask the establishment of phylogenetic relationships, as seen in several groups of Actinopterygii (see Winemiller 1992) . Notwithstanding displaying similar morphology to cogeneric species C. latus (sympatric) and C. hippos, the morphotypes demonstrated more pronounced morphological similarity among themselves. Cytogenetic comparison of C. lugubris morphotypes Although they show less variation in chromosomal number (2n = 46-48), as do several groups of Perciformes Molina 2007 ), the family Carangidae shows relative diversity in chromosome structure . Pericentric inversions in acrocentric pairs constitute the main karyotype diversification mechanisms in this group, as observed in Seriola quinqueradiata (2n = 48; FN = 52) (Ida et al. 1978) , C. equula and Carangoides sexfasciatus (2n = 48; FN = 50) (Murofushi and Yoshida 1979) .
Karyotype analyses of C. lugubris morphotypes I and II corroborate the cytogenetic characteristics typical of Perciformes, a group in which around 60 % of species studied exhibit 2n = 48 chromosomes, mostly associated with single NOR sites and reduced heterochromatin (Sola et al. 1997; Galetti et al. 2000) . Among themselves, morphotypes display marked karyotype similarities, both in regard to karyotype formula, heterochromatic distribution and composition, and in the position and number of primary ribosomal sites (18S rDNA signals), located only on chromosome pair 1.
The presence of GC-rich heterochromatic regions is an uncommon condition in fish. The scattered occurrence of these sequences in the karyotype of C. lugubris indicates possible homogenization processes of these sequences in Fig. 4 Karyotypes for morphotypes I (left) and II (right) of C. lugubris present in SPSPA. Giemsa staining, highlighting chromosome pair 1, bearer of Ag-NOR sites a C-banding. b DAPI/CMA 3 staining showing GC-rich sites scattered over centromeric and telomeric regions of most chromosome pairs. c Dual-color FISH showing the mapping of 18S rDNA (red) and 5S rDNA (green) sites (color figure  online) the karyotype evolution of this species. Greater heterochromatic dynamism in very diverse groups of fish (Moreira-Filho and Bertollo 1991) suggests they may promote a higher number of chromosomal rearrangements and represent a first step toward establishing post-zygotic barriers (Souza et al. 1995; Caputo et al. 1996; Molina and Galetti, 2002) . However, heterochromatinization processes have been identified as a secondary evolutionary mechanism in the karyotype evolution of Perciformes (Galetti et al. 2000; Molina 2007) .
Chromosome mapping of 18S rDNA and 5S rDNA sequences has pinpointed interspecific variations and indications of differences between fish populations in the Atlantic separated by biogeographical barriers (Motta-Neto et al. 2011) . Ribosomal sites may be effective cytotaxonomic markers or indicators of chromosomal rearrangements in the karyotype. In fact, the 5S sites reveal divergences in the number of chromosome bearers between morphotypes, resulting in two distinct karyotypes. In the karyotype of morphotype I, only chromosome pair 9 shows signs of hybridization in the terminal portion of the long arm, while in morphotype II, as well as signals on these chromosomes in the same position, additional sites are also present in the terminal region of the short arm on chromosome pair 15.
There are few examples of intra-or interpopulation chromosomal polymorphism among Carangidae. One of the few cases was described in specimens of Seriola dumerili from the coast of Sicily, which exhibited two karyotypes, 2n = 47 and 2n = 48 (NF = 50), resulting from Robertsonian fusion (Vitturi et al. 1986 ). This condition is probably rare, since it was not recorded in subsequent studies (Sola et al. 1997) .
Frequency or positioning of 5S rRNA genes has provided cytotaxonomic markers used for species identification and in evolutionary research (e.g., Aguilar and Galetti 2008) . During karyotype evolution of several fish species, these genes can acquire independent characteristics. In some cases, they may be conserved (e.g., Wasko et al. 2001) , whereas in others they display transient polymorphisms or fixed evolutionary divergences (e.g., Hatanaka and Galetti, 2004; Garcia et al. 2010) . Although the difference in the number of 5S sites alone does not definitively ensure that C. lugubris morphotypes constitute genetically different stock, its constancy between karyotypes suggests a fixed condition among them.
Origins of different C. lugubris stocks Although it is not currently possible to accurately establish the origin of differences between morphotypes of C. lugubris, some hypotheses can be raised based on examples from other fish groups. Some of these can be analyzed in detail, such as ecological diversification, interspecific hybridization and the breaching of marine biogeographical barriers by allopatric populations.
Diversification through ecological specializations has been identified, among others, in the evolution of cichlids from large African lakes (e.g., Genner et al. 1999 ), leading to notable morphological adaptations among closely related species (Clabaut et al. 2007 ). Although possible, this seems very unlikely as the cause of morphological and cytogenetic variations present in morphotypes of C. lugubris on SPSPA. The substantial mobility of this species, gregarious habits (in the form of vast schools) and few environmental micro-partitions on SPSPA (Lubbock and Edwards 1981) hamper population fractionation and restrict gene flow in such a small area.
Another possibility is the occurrence, in this ocean region, of a hybrid swarm resulting from interspecific hybridization between C. lugubris and another phylogenetically close species. Although interspecific hybrids are considered rare in marine fish (Randall et al. 1977) , some cases have been reported in species from the family Carangidae (e.g., Murakami et al. 2007; Santos et al. 2011) . In fish, this can happen accidentally during aggregations for spawning (in the same period and same location) among closely related species, or due to the scarcity or lack of reproductive partners of the same species, leading to spawning with individuals from a more abundant-related species (Frisch and Van Herwerden 2006) . In fact, there is evidence of increased capture of several species, among them C. lugubris, reducing the population size of various species on SPSPA (Oliveira et al. 1997) . Among available examples of hybridization in fish, morphological, meristic and coloration aspects of hybrids are generally intermediate to those of the parents. The occurrence of such an event would be supported by the expectation of some level of morphological similarity between one of both C. lugubris morphotypes with another closely related phylogenetically sympatric species from the family Carangidae. However, geometric morphometrics, which has proved to be decisive in intergroup (Nacua et al. 2010) , showed that morphotypes exhibit even more similarities among themselves than with any other species of local Carangidae. Therefore, the absence of an intermediate pattern, whether in regard to color (both morphotypes displaying similar color patterns to C. lugubris) or number of serial or body elements, with any other sympatric species of the genera Caranx and Carangoides hinders accepting the hypothesis of hybridization as an explanation for distinct characteristics between morphotypes. The lack of intermediate morphological and cytogenetic patterns suggests the absence of genetic flow between morphotypes I and II.
On the other hand, there are historical and contemporary examples of breached biogeographical barriers (e.g., Bowen et al. 2001; Luiz-Júnior et al. 2004 ) that shaped the distribution pattern of species in the Atlantic. These consist of the discharge from the Amazon/Orinoco rivers, which separate the Caribbean and Brazilian provinces; the vast ocean areas separating the East and West Atlantic (Banford et al. 1999) ; and the region of cold upwelling in southwest Africa that separates the Atlantic and Indian oceans (Briggs 1974) . However, it would be possible that specimens of C. lugubris from the Caribbean, Western Atlantic, Eastern Atlantic or even the Indian Ocean (which can overstep cold waters of the Benguela Current) are meeting in ASPSP.
Exact understanding of the coexistence of morphotypes I and II of C. lugubris in SPSPA indicates the need for further studies. An intriguing question is whether these individuals occupy SPSPA through a contemporary event, as a result of a recent invasion, or live in sympatry, apparently reproductively isolated, for an extended period of time. Phylogeographic analysis of C. lugubris would be decisive in measuring its contemporary and historic distribution patterns, mainly in light of chromosomal and morphological variations found, as well as contribute to a better understanding of their occurrence. Data obtained highlight the evolutionary importance of isolated environments, such as SPSPA in the Atlantic, and their role in genetic differentiation, larval dispersion patterns and as a contact zone between different Atlantic regions.
